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Abstract 

Polyelectrolyte thin films comprised of alternating layers were spin-assembled by 

sequentially dropping 1 mL of cationic and anionic aqueous solutions onto a spinning 

substrate. In this work, we show the applicability of our technique to multiple systems, 

and present two methods for producing linear film growth. The polycations used were 

PEI (poly(ethylenimine), PDDA (poly(diallyldimethy1 ammonium chloride), PAH 

(poly(ally1amine hydrochloride), and two poly(propy1enimine) dendrimers (generations 

3.0 and 4.0). The polyanions used were PAZQ (poly[ 1 -[4-(3-carboxy-4-hydroxy- 

pheny1azo)benzene sulfonamida]- 1,2-.ethanediyl, sodium salt]), PSS 

(poly(styrenesulfonate)), and PAA (poly(acry1ic acid)). Five polyanionlpolycation 

combinations were chosen and spin-assembled at a speed of 3000 WM.  Layer 

thicknesses for all systems were determined using single-wavelength ellipsometry. UV- 

vis spectroscopy was also used to measure deposition amounts in films incorporating the 

chromophoric polyanions PAZO and PSS. Films incorporating gen 3.0 dendrimer and 

PA20 showed more interpenetration between layers than films assembled from gen 4.0 

dendrimer and PAZQ. We also demonstrate the ability to spin-assemble multi-layered 

thin films up to 50 bilayers with linear increases in deposition amount between bilayers. 
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Introduction 

Spin coating, a technique used for casting chemical layers onto a rotating 

substrate, has been used extensively to prepare thin films for diverse industrial 

applications such as photolithography,’ light 

sensing536. While the practice of spin coating has existed since the 1920s; mathematical 

modeling of the spin-coating process began in the late 1950s when Emslie et al. described 

the radial flow of liquids deposited on rotating substrates.’ Since then, monolayer film 

formation dynamics has been studied both experimentally and theoretically. Effects of 

nuclear track detection: and gas 

solvent evaporation, 9,10,11 liquid viscosity,’2713 spin speed,14v15 spin solute 

c~ncentratiori,’~”~ and solute molecular weight2’ have been examined for a variety of 

spin-coated systems. The simplicity, time efficiency, and inexpensiveness of spin coating 

make it a practical method for the deposition of thin polymer films. Spin-assembly is a 

specialized applicatiorh of spin-coating, in which polyelectrolyte multi-layers are self- 

assembled onto spinning substrates. This process utilizes electrostatic forces to facilitate 

the deposition process. 

Currently, ultrathin organic films of alternating charged layers are constructed by 

vapor and Langmuir-Blodgett %1,%2,23,24,25 ionic self-assembly, 

such as biological sensing, optical 30,3 1,32,33,34 for use in applications 

switching, and waveguiding. Using electrostatic forces to spontaneously induce desired 

molecular architectures in layer-by-la yer organic films has opened up new applications in 

nonlinear opiics for such devices. 

harmonic signal through the deposition of alternating layers has recently been shown by 

For example, the ability to modulate a second 35,36,31 
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Casson et aL3* In multi-layered films, the effects of the substrate:' solution pH:' 

deposition temperature:' and salt c ~ n c e n t r a t i o n ~ ~ > ~ ~  have been explored extensively. 

New mechanisms of film formation, such as spin-assembly, can play a significant 

role in the rapidly expanding field of thin film formation. The spin-assembly of 

polyelectrolyte multi-layer systems has recently been described for 10 bilayers of the 

polyelectrolytes PEI and PAZ0.44 Spin-assembly, the alternating deposition of dilute 

M) polyelectrolyte solutions onto a spinning substrate, is a novel method for 

constructing self-assenibled thin films with monolayer thicknesses on the order of 

Angstroms. Instead of' establishing a thermodynamic equilibrium as in ionic self- 

assembly, spin-assembly takes advantage of short liquid-substrate contact times and 

variable spin speeds to quickly deposit controlled amounts of material onto a film 

s~rface.4~ As in spin-casting, the films are formed without reaching a thermodynamic 

deposition eq~i l ibr ium.~~ Multi-layer thickness can be controlled through the 

manipulation of polymer concentration and/or spin speed.47 

In this work, we demonstrate the application of spin-assembly to a variety of 

polyelectrolytes, including both polymers and dendrimers. The polycations used were 

PEI (poly(ethylenimine), PDDA (poly(diallyldimethy1 ammonium chloride), PAH 

(poly(ally1amine hytlrochloride), and two poly(propy1enimine) dendrimers (generations 

3.0 and 4.0). The polyanions used were PAZO (poly[ 1-[4-(3-carboxy-4-hydroxy- 

pheny1azo)bcnzene sulfonamide]- 1,2-ethanediyl, sodium salt]), PSS 

(poly(styrenesulfonate)), and PAA (poly(acry1ic acid)) (Figure 1). From these 

polyelectrolytes, we chose to spin-assemble thin films of PEI/PAZO, generation 3 .O 

dendrimerlPAZ0, generation 4.0 dendrimer/PAZO, PSS/PAH, PDDNPAA, and repeat 
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monolayers of a single charged material. We show that spin-assembly can be used 

successfully even in conditions where electrostatics does not play a primary role. 

Additionally, we have constructed 50 bilayer PEI/PAZO films that show linear growth in 

the amount of adsorbed material. 

Experimental Method 

Materials. A variety of polyelectrolyte systems were used in the spin-assembly 

process. PAZO (poly[ 1 -[4-(3-carboxy-4-hydroxy-phenylazo)benzene sulfonamide]- 1,2- 

ethanediyl, sodium salt]), PSS (poly(styrenesulfonate)), and PAA (poly(acry1ic acid)) 

were the primary polyimions. P13I (poly(ethylenimine), PDDA (poly(diallyldimethy1 

ammonium chloride), PA13 (poly(ally1amine hydrochloride)), and two 

poly(propy1enimine) dendrimers (generations 3 .O and 4.0) were the polycations used. All 

spin-assembled materials were purchased from Aldrich and prepared by dilution in 

Millipore water (resistance >18.0 M a )  at concentrations of 1 and 10 mM (calculated 

using monomeric weights). 

Substrate Preparation. Substrates for film deposition were glass microscope 

slides, round 1 inch polished silicon wafers, and round 1 inch quartz crytal plates. 

Substrates were prepared by immersion in a 30:70 I-I202/H2S04 mixture for one hour at 

80" C (pirhana etch treatment). Following this treatment, substrates were rinsed 

thoroughly with pure water, sonicated for 15 min to remove any remaining etch solution, 

and stored in water. Immediately prior to film deposition, bare substrates were spun at 

3000 KPM, and then heated ( 1 10" C) or subjected to a vacuum (38 1 mm Hg at 40" C) for 

1 min to remove the surface water. 
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Film Construction. Thin films were spin-assembled from aqueous polymer 

solutions on a Headway Research photoresist spinner at 3000 RPM. The spin-assembly 

process consisted of pipetting 1 mL of polycation solution onto a spinning substrate and 

spinning for 1 min. The substrate was then heated at 110" C for 1 min or exposed to a 

vacuum (38 1 mm Hg at 40" C) for 1 min, with the exception of the dendrimer/PAZO 

films , which were heated for three minutes at 110" C. The heat-dried substrates were 

cooled for 1 min following heating. 1mL of polyanion was then deposited onto the 

spinning film surface, and spun for 1 min. Vacuum or heat drying and cooling was 

repeated as before. 'The deposition of polycation and polyanion layers was repeated until 

a multi-layered film with the desired number of bilayers was constructed. 

Film Charactcrization. UV-vis measurements of the multi-layered films built on 

glass and quartz substrates were taken between 300-700 nm on a Perkin-Elmer Lambda 

19 spectrophotometer and between 190-700 nm on a Varian Cary 300 spectrophotometer. 

Spectra were obtained every layer. 

Ellipsometric measurements were collected on a Rudolph Research AutoEL I11 

single-wavelength null-ellipsometer. 1 " round single-side-polished silicon wafers were 

used as substrates for lilms characterized by ellipsometry. Similar silicon oxide surface 

layers of both substrate types (glass and silicon) provided reproducible surface conditions 

for film deposition. Data was collected at a beam incidence angle of 70" and a 

wavelength of 632.8nrn. A refractive index of 1.5 -t. Oi was used to manually calculate 

ellipsometric film thicknesses from A and Y parameters. Substrate measurements were 

subtracted from film measurements to determine total ellipsometric film thickness. 
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Results and Discussion 

Consistency of Adsorption. A significant factor contributing to the linear 

growth of spin-assembled films is the removal of residual water from each solid layer. 

Since all of our films are assembled from dilute aqueous solution, water could remain 

trapped on the surface and inside the bulk of our films. Simply blow drying the film 

suri'ace with 1v.L gas, without using heat or vacuum, resulted in irregular film growth. 

Sometimes, the UV-vir; absorbance spectra of' deposited chromophoric layers showed no 

increase over those of previous chromophoric layers. This lack of consistent growth in 

the UV-vis absorbance suggested that in some deposition cycles no polymer was 

deposited. As reported previously, oven drying at 110" C prior to every monolayer was 

key to linear film 

vacuum at 38 1 mm Hg. after each deposition cycle yields a similar uniformity in the 

amount of adsorbed material. The above result supports our hypothesis that removal of 

water is key to succcssful deposition of multi-layered films. Figure 2 shows the layer 

thicknesses for PETPAZO films built using both oven drying and vacuum suction. The 

total film thickness after 10 bilayers is approximately equivalent (-100 A) for both films. 

However, the films show different beliavior upon treatment with either heat or vacuum. 

After heat treatment, a series of small decreases (-1 A) are observed in ellipsometric 

thickness. After vacuum treatment, ellipsometric thickness actually increases by 

approximately 1 A. Although the films both display linear increases in ellipsometric 

thickncss after each bilayer, the drops and increases in thickness after drying indicate that 

there is some difference in film morphology between methods. We are currently 

investigating this difference using AFM and second harmonic generation. 

We have recently found that placing the substrate in a 
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Diverse Application of Spin-Assembly. 

f'EI/fYZO. We have already explored the PEI/l'AZO system using both UV-vis 

spectroscopy and el l ips~metry~~.  In the current study, a 50 bilayer polyelectrolyte film 

was constructcd from 1 mM solutions of PEI and PAZO at a spin speed of 3000 RPM to 

show the feasibility of spin-assembly for building large-scale nanoassemblies. The 

phenylazoberrzene conjugated system on PAZO absorbs light in the visible region 

allowing us to monitor a peak around 364 nm. The peak absorbances of the UV-vis 

spectra taken aften each bilayer show a linear increase from 1 to 50 bilayers (Figure 3a). 

Although the hma, ofthe first PAZO layer occurs at approximately 364 nm, Figure 3b 

shows a red-shift in hmax as the first 10 bilayers are built. This initial shift in hma, peaks 

around the IOth bilayer, but slowly blue-shifts back to the original hmax value between 

bilayers 10 and 40. Bilayers 40-50 show little change in Am,,. Similar shifting patterns 

from red to blue have been reported in ionically-self-assembled PEUPAZO films.50 

Possible explanations of' such shifting patterns include changes in chromophore 

aggregation as the film grows. 

As seen in Figure 3c, the 50 bilayer film shows a minor alteration in growth rate 

around the l(jth bilayer. Although the increases in amount of PAZO are primarily linear, 

the changes in deposition amount can be best modeled by two separate lines. It is well 

established that the effect of the negatively charged substrate gradually diminishes as 

films are built, eventually revealing deposition behavior dominated by the charge density 

and steric parameters of the  polyelectrolyte^.^^ Therefore, the change in slope around 

bilayer I6 can be attributed to the diminishing influence of the substrate on the adsorption 

of the polymer bilayers. 
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Dendrirner/PAZO. PAZO was also assembled with two macromolecules, 

generation 3 .O and generation 4.0 poly(propy1enimine) dendrimers. These dendrimers 

contain many (30-62) protonation sites within a very small (14-21 diameter) area.52 

This allows them to serve as strong polycations in the ionic self-assembly process.53y54 

Figures 4a and 4b show consistent film deposition for generation 3.0 dendrimer and 

PAZO in both ellipsometric and UV-vis measurements for spin-assembled systems. In 

addition, these figures also show the linearity of films assembled using generation 4.0 

dendrimer and PAZO, a system that has not been studied before. Achieving this linear 

growth in both UV-vis absorbance and thickness required a slight change in our standard 

procedurc. Instead oi'heating the substrate for one minute at 110" C, it was heated for 

three minutes. Without the additional heating time, uniform increases in the maximum 

UV-vis absorbance were not observed. Increased heating is needed for the dendrimer 

layers due to the multiple hydrogen bonding sites and the resultant tendency to retain 

water. 

As Figure 4a shows, the maximum UV-vis absorbances of films built from the 

two generations of dendrimers are similar, but Figure 4b illustrates that the ellipsometric 

thicknesses are much larger for generation 4.0 than generation 3.0 dendrimer. This can 

be explained by looking at the layer-by-layer ellipsometric data in Figures 5a and 5b. In 

the generation 3 .O/PA%,O system, the addition of dendrimer to the system causes either no 

increasc or a decrease in the overall thickness of the film. This probably arises from 

increased interpenetration of the dendrimer layer with the PAZO layer, thus reducing the 

overall film thickness. In the generation 4.0 dendrimer/PAZO system, the ellipsometry 

data shows a continual increase in film thickness as each monolayer is added. We infer 
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that it is morc difficult for the generation 4.0 dendrimer to interpenetrate the PAZO layers 

because of its increased size. In Figure 5b, only 14 of the 20 layers are shown, due to 

constraints ofthe ellipsometric data analysis program. However, the 14th layer of the 

generation 3.0 is almost twice as thick as the 1 4th layer for the generation 4.0 dendrimer 

film. 

PAHPSS. PAH and PSS werc also spin-assembled and characterized using UV- 

vis spectroscopy and e llipsometry. For all PAH/PSS films, quartz crystal substrates were 

used to monitor the PSS absorption peak around 225 nm. UV-vis spectra (Figure 6a) 

show that the amount of PSS deposited increases linearly for every bilayer. Ellipsometric 

measurements (Figure 6b) for each PSS outerlayer also show linear growth in film 

thickness. 

hi our other systcms characterizcd by ellipsometry, layers within the first 50-80 A 

of the film show a slightly different rate of thickness growth than the remainder of the 

film. We believe this difference to be one of conformation and packing structure, not 

deposition aniount, since UV-vis measurements on chromophoric polyelectrolytes show 

no significant deviations within the first few bilayers. This effect has been observed in 

both dipped and spin-assembled PEI/I)AZO films. The PAWPSS multi-layered film, 

however, does not show any slope change up to 10 bilayers. Due to the thinness of the 

film, the diminishing effects o€ the substrate after 50-80 8, may not be obvious, since the 

10 bilayer film is only 90 8, thick. Choy et. al., have recently reported a different spin- 

method for the construction oEPAH/PSS multi-layer films? They observed linear 

increases in polymer adsorption, as monitored every fourth bilayer by UV-vis 

spectroscopy. 
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PDDAPAA. Figure 7 shows I8 spin-assembled bilayers of polycationic PDDA 

and polyanionic PAA characterized by ellipsometry. This system shows a change in 

thickness growth rate around the 6th bilayer (-80 A thickness). We speculate that this 

difference in slope is due to conformational changes much like the PEI/PAZO film and 

not to changing deposition amounts. Beyond the 6'h bilayer layer, we observe linear 

thickness increases of -50 per bilayer. 

Electirostatic FXfects. One important advantage of spin assembly is that the film 

formation process is not solely dependent on electrostatics to induce deposition. For 

example, we have reported the linear growth of a PAZO layer over 10 deposition cycles 

on top o f a  single positively charged PEI ~ n d e r l a y e r . ~ ~  In this work, we report the ability 

to build a thick PEI layer on a bare, negatively charged substrate using 10 deposition 

cycles (Figure 8). With each deposition cycle, we observe linear growth behavior. 

Similar to the growth behavior of bilayer films, a change in slope is observed in the 50-80 

A region. This change in slope for a pure PEI film demonstrates that the substrate effect 

is seen in all types of films, not solely films of alternating multi-layers. The thickness 

increase of the PEI layer after each deposition is comparable to that deposited when the 

PEI adsorbs onto a PAZO layer. As seen in the bilayer films, a change in slope around 

50-80 A is seen in the PEI thickness data. Additionally, 10 deposition cycles of PAZO 

on top of a bare substrate displayed linear growth between depositions (Figure 9). 

Growth of the PAZO film was monitored by both UV-vis spectroscopy and ellipsometry. 

For PAZO, total amounts deposited and corresponding thicknesses were much lower than 

for PEI. Weill and Declrenaux state that the spin-coating process relies heavily on 

polymer chain entanglement to form solid layers.57 It is likely that interlayer 
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entanglements contribute to the formation of our PEI/PEI and PAZO/PAZO layer 

combinations, since electrostatic attraction cannot occur between layers. 

The potential applications of such physical layer formation are great, since multi- 

layer composite films can now be asscmbled that incorporate multiple non- 

electrostatically favored layers along with bilayers of alternating charge to induce 

specific nanoscale ordering within the film not possible through conventional dipping 

techniques. 

Summary 

For a variety of systems incorporating both organic polymers and dendrimers, we 

have demonstrated control over the formation of multi-layered films using spin-assembly. 

The construction of a 50 bilayer PEUPAZO film shows that the technique is not limited 

to the 10 bilayer systems we have used for characterization. Spin-assembly can be used 

for the fabrication of conventional alternating layer-by-layer assemblies, as well as a new 

host of non-electrostatically-driven layer assemblies. Using vacuum drying (as well as 

oven drying) to induce; linearity in spin-assembled systems makes the process a more 

versatile method of easily and inexpensively fabricating macromolecular nanoassemblies. 
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Pipure Capt im 

Figure 1. Makcrials used to investigate film formation. Anions were a) PAZO (poly[ 1-[4- 

(3-carboxy-4~-liydroxy~~henylazo)benzenesulfonamido]- 1,2-ethanediyl, sodium salt]), b) 

PAA (poly(aciy1ic acid)), and c) PSS (poly(styrenesu1fonate)). Cations were d) PEI 

(poly(ethylenimine)), e) PA13 (poly(aXly1amine hydrochloride)), f) PDDA 

(poly(diallyldimethy1 ammonium chloride)), g) generation 3 .O poly(propy1enimine) 

dendrimer, and h) generation 4.0 poly(propy1enimine) dendrimer. 

Figure 2. Ellipsometric thicknesses taken before and after drying every monolayer of 

1mM PEI (m) / 1mM PA20 (a) films spin-assembled at 3000 RPM using a) heat 

treatment or b) vacuum treatment to dry the films. Measurements taken before heat or 

vacuum treatment For ])E1 (0) and PAZO (0) are represented by half (X.5) values. Inset: 

close-up for monolayers 16 and 17 to show effects of each treatmtent method. 

Figure 3. 50 bilayer film of 1mM PEI / 1mM PAZO spin-assembled at 3000 RPM. a) 

UV-visible spectra (spectrum for every IOth layer is shown in bold). b) Location of A,,,. 

e) Absorbance at A,,,. 

Figure 4. a) UV-visible absorbance at A,,, for films built from 1mM PAZO and either 

1mM gen 3.0 (A) or gen 4.0 ( a)  dendrimer. b) Ellipsometric thickness at the film 

center for 1mM PAZO / 1mM gen 3.0 (A) or gen 4.0 ( ) dendrimer films. All films 

were spin-assembled ai. 3000 RPM. 



Figure 5. Ellipsometric thickness oPmonolayers built from 1mM PEI (W) and 1mM 

PAZO ( e ) in a) gen 3 .O dendrimer arid b) gen 4.0 dendrimer films spin-assembled at 

3000 RPM 

Figure 6. a) UV-visiblt: absorbance at A,,,, for 10 bilayers of a 1mM PAH / 1mM PSS 

film spin-assembled at 3000 RPM. b) Ellipsometric thickness for 10 bilayers of PAH / 

PSS, 

Figure 7. Ellipsometric: thickness for 18 bilayers of a 1mM PDDA / 1mM PAA film spin- 

assembled at 3000 WM. 

Figure 8, Ellipsometric Thickness for 10 monolayers of 1 O m M  PEI spin-assembled at 

3000 RPM. 

Figure 9, a) UV-visible absorbance for 10 monolayers of 1mM PAZO spin-assembled at 

3000 RPM. b) Ellipsometric thickness for 10 monolayers of 1mM PAZO. 
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